Cell surface pili are polymeric protein assemblies that enable bacteria to adhere to surfaces and to specific host tissues. The pili expressed by Gram-positive bacteria constitute a unique paradigm in which sortase-mediated covalent linkages join successive pilin subunits like beads on a string. These pili are formed from two or three distinct types of pilin subunit, typically encoded in small gene clusters, often with their cognate sortases. In Group A streptococci (GAS), a major pilin forms the polymeric backbone whereas two minor pilins are located at the tip and the base. Here, we report the 1.9 Å resolution crystal structure of the GAS basal pilin FctB, revealing an immunoglobulin (Ig)-like N-terminal domain with an extended proline-rich tail. Unexpected structural homology between the FctB Ig-like domain and the N-terminal domain of the GAS shaft pilin helps explain the use of the same sortase for polymerization of the shaft and its attachment to FctB. It also enabled the identification, from mass spectral data, of the lysine residue involved in the covalent linkage of FctB to the shaft. The proline-rich tail forms a polyproline-II helix that appears to be a common feature of the basal (cell wallanchoring) pilins.
Pili (or fimbriae) are hair-like protein appendages common in Gram-negative and Grampositive bacteria. In many instances, pili are crucial for pathogenesis as they mediate adhesion and enable colonization of a host (1) . In Grampositive pathogens such as Corynebacterium diphtheriae or Streptococcus pyogenes, the genes for the pilus assembly are arranged in pathogenic islets that encode one major pilin, one or two minor (ancillary) pilins, and pilus-specific sortases (2) (3) (4) (5) . The latter catalyze covalent polymerization of the major pilins by the formation of intermolecular amide bonds between the Cterminus of one subunit and a lysine residue on the next (2, 4, 5) . This covalent shaft assembly is a hallmark of the Gram-positive pilus structure. Another striking feature of the pilus shaft is the occurrence of intramolecular isopeptide (amide) bonds in the major pilins that confer stability on these subunits and on the pilus assembly (6) (7) (8) .
The minor pilins, in contrast, are less well characterized, and questions arise as to their roles and modes of incorporation into the pili, due to the fact that some pili (e.g. those for Bacillus cereus) have only one minor pilin, whereas most others have two (9) . The best-characterized of the threecomponent pili are those from C. diphtheriae. In the prototypical pili from this organism, the pilusspecific sortase SrtA polymerizes the major pilin SpaA to form a pilus shaft, which carries the minor pilin SpaC on its tip (2) . Another minor pilin, SpaB, is incorporated at the base of the pilus and is tethered to the peptidoglycan by the socalled housekeeping sortase SrtF (10) . Thus, SpaB anchors the pilus structure to cell wall.
This pattern, in which a major pilin forms the polymeric pilus shaft, with minor pilins as the cap and the cell wall anchor, has emerged as a consistent paradigm for the three-component pili of other Gram-positive bacteria such as Streptococcus agalactiae (11, 12) , S. pneumoniae (13) and most recently, S. pyogenes (14) .
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At the structural level, three-dimensional structures are available for the shaft-forming major pilins of S. pyogenes, C. diphtheriae and Bacillus cereus (6, 8, 15) , and the amide bonds that join these major pilin subunits have in each case been characterised by mass spectrometry. In contrast, much less is known so far of the structural determinants that underly the incorporation of minor pilins at the tip and the base.
Here, we focus on the important human pathogen S. pyogenes (group A streptococcus [GAS]). GAS colonizes host epithelia, causing benign but very common diseases such as acute tonsillitis and pharyngitis, but can also invade underlying soft tissues to cause lethal invasive disease such as streptococcal toxic shock syndrome or necrotising fasciitis (16) . The search for GAS vaccine candidates led to the discovery of pilus structures on this bacterium (3) . These pili are essential for adhesion of S. pyogenes to pharyngeal cell lines, human tonsil explants and primary keratinocytes, and appear to be involved in biofilm formation (17, 18) .
GAS pilin proteins are encoded by genes of the highly variable FCT region, of which 9 types have been described so far (19) . Except for FCT-1, these encode three pilin proteins, of which the major pilin (usually designated FctA or backbone pilin BP) forms the shaft, with the two minor pilins at the tip and the base; Cpa or ancillary pilin 1 (AP1) forms the cap and FctB or ancillary pilin 2 (AP2) acts as the cell wall anchor of the pilus (14, 19, 20) . The crystal structure of Spy0128, the BP from GAS serotype M1, strain SF370, revealed a conserved lysine (Lys-161) to which the next BP subunit is covalently attached during polymerization of the backbone (6) . The same lysine residue of the BP is also used to incorporate Cpa/AP1 at the tip of the pilus, as has been shown for several strains (14, 21) . The second minor pilin, FctB/AP2 (Spy0130 in GAS M1 strain SF370) has also been reported to be covalently linked to the pilus structure (3, 18) and has been located in the cell wall by immuno-electron microscopy (3). Importantly, it has been shown recently that a Δspy0130 knockout mutant still forms pili, but that these are not attached to the cell wall and are instead released into the culture medium (14) . A ΔfctB knockout in a GAS serotype M49 strain similarly results in loss of pili from the cell wall (22) . These experiments identify FctB/AP2 as the cell wall anchor of GAS pili. Neither the structure of AP2, nor its mode of attachment to the shaft of the pilus, have as yet been determined, however.
Our long-term goal is to obtain a complete atomic description of the GAS pilus assembly. Building on our crystal structure of the GAS backbone pilin (6) we here address the structure of the basal pilin AP2, which anchors the GAS pilus to the cell wall. After unsuccessful attempts to crystallize the AP2 subunit from the M1 strain (Spy0130), we have solved the high-resolution structure of its FctB homolog from GAS strain 90/306S. The structure reveals an Ig-like domain with an extended proline-rich tail. Structural homology with the N-terminal domain of Spy0128, the GAS BP subunit from the M1 strain, points to a conserved lysine on AP2 as the site of the covalent linkage between AP2 and BP, a linkage that we have also confirmed by mass spectral analysis of native M1 pili. The FctB structure further identifies the polyproline tail as an important structural determinant in anchoring the pilus to the cell wall.
EXPERIMENTAL PROCEDURES

Expression and Purification of FctB-
The fctB gene without the predicted signal peptide and the C-terminal membrane association helix was cloned by PCR from the GAS strain 90/306S. This strain is a T9 serotype (from its fctA sequencedata not shown) but is of unknown M serotype. The FctB protein was overexpressed in E. coli and purified by IMAC and gel filtration as described before (23) . FctB substituted with selenomethionine (SeMet-FctB) was expressed according to a protocol described by Van Duyne et al. (24) . SeMet-FctB was purified as described for native FctB (23) , except that 1 mM β-ME was added to lysis, wash and elution buffer, 2mM β-ME to TBS and 10 mM DTT to the standard storage buffer (10 mM Tris/HCl pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.3 mM NaN 3 ).
Crystallization of FctB and X-ray Data Collection-Native FctB crystals were grown by mixing 1-2 μL protein solution (27 mg/mL) with 1-2 μL precipitant (100 mM Na-cacodylate pH 6.1 -6.5, 0.9 -1 M Na-citrate) at 18 °C (23). SeMetFctB crystals were grown under the same conditions by streak-seeding from crystals of native FctB. Crystals of native FctB and SeMetFctB were transferred to cryoprotectant (100 mM Na-cacodylate pH 6.5, 1 M Na-citrate, 20% (v/v) glycerol) prior to flash-freezing in liquid nitrogen. X-ray diffraction data were collected in-house (23) . Further native FctB diffraction data were collected at the Australian Synchrotron on beamline PX-2. The small size of the beam allowed data to be collected from different regions within a crystal, which were found to have quite variable diffraction properties. All data sets (Table  1) were processed as described before (23) .
Phase Determination and Model BuildingIn-house datasets for native and SeMet-FctB to 3.0 Å resolution were combined using POINTLESS and scaled using SCALA (25) . In a single isomorphous replacement (SIR) approach, AutoSHARP (26) was used to find and refine the selenomethionine sites in SeMet-FctB (1 per molecule). Three sites were found, two of which were very close together and had occupancies of 0.39 each (0.87 for the third site). Initial phases were derived from these sites using AutoSHARP and were improved by density modification on the initial electron density map. The resulting electron density was suitable for automated model-building with BUCCANEER (27) in combination with REFMAC (28) . This model was used for molecular replacement with the native data to 1.9 Å resolution using PHASER (29) . The structure was then refined through cycles of manual building in COOT (30) and maximum-likelihood refinement in PHENIX (31) . For the final rounds of refinement, hydrogens were added in their riding positions and two TLS groups per molecule were defined based on an assessment provided by the TLSMD server (32) . The latter significantly improved the quality of the electron density maps. The model was validated using MOLPROBITY (33) . Structure comparisons were performed using the SSM algorithm (34) in COOT. Figures were prepared using PYMOL (35) . Refinement statistics are in Table 2 . Atomic coordinates and structure factors have been deposited into the Protein Data Bank (www.pdb.org) with accession code 3KLQ.
Model of the Pilus of S. pyogenes Serotype M1-Models of the M1 basal pilin Spy0130 and the C-terminal domain of the adhesin Spy0125 were built from the coordinates of FctB and the Cterminal domain of Spy0128 (6), respectively, using MODELLER (36). The models of Spy0130 and Spy0125 were then docked on to the structure of the backbone pilin Spy0128 (PDB code 3B2M), based on the pilus-like molecular association seen in crystals of Spy0128 (6). The Spy0130 model was superimposed on the N-terminal domain of Spy0128 where it abuts the C-terminus of the next molecule in the crystal and the model of the Cterminal domain of Spy0125 was similarly superimposed on the C-terminal domain of Spy0128 to dock against the N-terminal domain of the next molecule.
Circular Dichroism (CD) Spectroscopy-FctB and Spy0130 from S. pyogenes strain SF370 were purified as described previously (23) . Both were dialysed thoroughly against 5 mM phosphate buffer pH 7.5 and diluted to 3-4 μM. CD spectra were recorded on a PiStar-180 (Applied Photophysics) spectrameter at ambient temperature.
Proteolytic Digestion and Mass Spectral Analysis of Pili-Pili were purified from S. pyogenes strain SF370 and analysed as described before (6) . Briefly, cell wall extracts were separated by SDS-PAGE and bands containing pili were cut out and digested using trypsin (Promega). The fragments were analyzed using a Q-STAR XL Hybrid MS/MS system (Applied Biosystems). Peptides were identified manually or with Mascot search engine version 2.0.05 (Matrix Science).
RESULTS
Structure Determination-Our original goal was to determine the structure of Spy0130, the basal pilin from the M1 strain SF370, for which we had mass spectral data from the native pili. When all attempts to crystallize Spy0130 failed, however, we turned to its homolog from a local isolate of GAS strain 90/360S. The latter is of unknown M serotype but was typed as T9 from its fctA sequence, and PCR analysis of the FCT islet showed it to have the same gene order as FCT-2, FCT-3 and FCT-4 strains. Its fctA and fctB genes are >99% identical to those from the M9 strain 2720, which is an FCT-4 containing strain (19) . Constructs for Spy0130 and for FctB from strain 90/306S were expressed in E. coli and purified, with high-quality crystals being obtained for FctB (23) . The construct used encompasses the mature protein from the signal peptidase cleavage site through to the LPLAG sortase cleavage motif. The crystal structure of FctB was solved by SIR using in-house diffraction data from SeMet-substituted crystals of FctB. The solvent content of the crystals was 68%, and enabled successful density modification despite low phasing power ( Table 1) . The structure was refined at 1.9 Å resolution to an R factor of 15.9% (R free = 18.2%) ( Table 2 ). The asymmetric unit contains two molecules, A and B, of which molecule A lacks only the first two Nterminal residues, whereas molecule B lacks interpretable electron density for one N-terminal and the 7 C-terminal residues 133-139. Here, we take molecule A as the representative model for FctB.
Structure of FctB-The structure of FctB consists of a compact, all-β domain (residues 3-120) with an immunoglobulin-like (Ig-like) fold, followed by an extended proline-rich tail that forms a polyproline-II (PPII)-like helix (Fig 1A) . The Ig-like domain is formed by a 5-stranded β-sheet (C-B-E-F-G 1 ) and a 3-stranded β-sheet (D-A-G 2 ) that pack to give a β-sandwich. Strand G is interrupted by an omega (Ω)-loop (residues 102-111) that enables this strand to transfer its hydrogen bonding from one sheet to the other. Beyond Leu-120, the C-terminal 19 residues form an extended structure that projects from the globular Ig-like domain (Fig. 1 ). This C-terminal tail has a high frequency of proline residues, which occur with significant regularity; residues 123-137 have the sequence PxPPxxPxxPxxPxxP. For the most part, the electron density for this region is surprisingly good, especially in molecule A (Fig. 1B) , and the structure well defined.
The overall shape of the FctB molecule strongly resembles the low-resolution model derived for Spy0130, based on SAXS data (37), This model has approximate dimensions of 105 x 25 x 14 Å, agreeing well with those of FctB (80 x 30 x 20 Å). It also displays a very similar division into two elongated domains of different width (37), consistent with a globular IgG-like domain and a tail-domain. These data, coupled with the 33% sequence identity for the two proteins (Fig.  S3) suggest that FctB and Spy0130 share the same structure, an IgG-like domain linked to a prolinerich tail domain.
Searches of the Protein Data Bank with SSM (34) show that the closest structural homolog of FctB is the N-terminal domain of the major pilin Spy0128 from S. pyogenes serotype M1 (PDB identifier 3B2M) (6) . FctB aligns with this domain with a root-mean-square (rms) difference in C α atom positions of 1.78 Å over 96 residues ( Fig.  2A) . Like the N-terminal domain of Spy0128, the overall fold and the topology of FctB are related to the inverse IgG fold of the CnaB repeat domains of the staphylococcal collagen binding protein Cna (38) (Fig. 2C) .
The two β-sheets of the Ig-like domain of FctB are linked by a 2.8 Å hydrogen bond between Asn-13 O δ1 and Gln-67 N ε2 in the hydrophobic core. The side chains of Asn-13 and Gln-67 make further hydrogen bonds with the peptide oxygen of Gly-44 and peptide nitrogen of Asp-78, respectively, creating a hydrogen network through the hydrophobic core that bridges four strands of the two β-sheets. This hydrogen bond network in FctB takes the place of the intramolecular isopeptide bond that stabilizes the N-terminal domain of Spy0128 (6, 39) and which is found also in other CnaB domains (6) (Fig. 2C) . FctB Asn-13 aligns precisely with Lys-36 of the Spy0128 isopeptide bond and Gln-67 in FctB replaces Glu-117, which catalyses the formation of the isopeptide bond in Spy0128. However, Asn-168, which is covalently bound to Lys-36 in Spy0128, is replaced by Pro-117 in FctB. Thus, while FctB does not contain an intramolecular isopeptide bond, there is an internal stabilizing hydrogen bond network in an identical region of the largely conserved hydrophobic core of FctB (Figs. 2 and  S1) .
A major stretch of the proline-rich tail of FctB, encompassing residues 123-135, displays significant regularity in sequence and structure (Fig.1) . Four of the six prolines in this sequence PxPPxxPxxPxxP, which immediately precedes the sortase motif LPLA (residues 136-139), are orientated to the same side of the strand, with residues Pro-123 to Pro-132 forming a PPII-like helix, based on φ/ψ angles (40) . The same PPIIlike helix is seen for the proline-rich tails of both molecules of the asymmetric unit, differing only in their overall orientation. A hinge at Leu-120 at the start of the tail enables the rigid proline-rich region to flex like a lever arm relative to the IgG-like domain. Circular dichroism (CD) spectra for both FctB and Spy0130 (Fig. S2) This Ω-loop interrupts β-strand G and contains a conserved lysine residue (FctB, Lys-110) that is in an identical position to Lys-161 of Spy0128 (Fig.  2A) . Lys-161 is the essential lysine used in formation of the polymeric shaft of the GAS pilus; its N ζ atom forms an intermolecular isopeptide bond with the C-terminal Thr-311 of the LPXTG sortase motif of the next BP subunit (6) . Based on the structural match of FctB Lys-110 to Spy0128 Lys-161, we hypothesized that Lys-110 of FctB, and the equivalent lysine Lys-120 of Spy0130, is the lysine that covalently links AP2, the basal minor pilin, to the LPXTG motif of the BP. We used mass spectrometry to confirm the presence of this intermolecular isopeptide bond in native GAS pili. We had previously purified pilus polymers from GAS strain SF370 (6) but in the absence of a recognisable sequence motif could not identify peptides incorporating the Spy0128-Spy0130 linkage. With the knowledge that Lys-120 of Spy0130 was a likely candidate for the essential lysine, we were able to sort through unassigned peptides from the pilus digest and identify a peptide containing both Spy0130 Lys-120 and the C-terminal Thr-311 of Spy0128 (Fig.  3) . This peptide, including the amide bond between Spy0130 and Spy0128, had a m/z 694.68
3+
. The observed mass of this peptide corresponds exactly to the expected sum for the peptide surrounding Spy0130 Lys-120 and the Cterminal sortase motif of Spy0128, less the mass of a water molecule released by the formation of the amide bond (Fig. 3, Table S1 ). The identity of this peptide confirms that the covalent linkage between AP2 and BP in GAS pili involves a conserved lysine in the AP2 proteins (Lys-120 of Spy0130, Lys-110 of FctB, Fig. S3 ) that is joined to Thr-311 from the C-terminal sortase motif of the BP Spy0128.
DISCUSSION
Molecular studies of the pili expressed by Gram-positive pathogens such as S. pyogenes and C. diphtheriae reveal a mechanism of pilus assembly completely different from that of Gramnegative bacteria (2-6,8). They are covalent polymers, in which the pilin subunits are joined by amide bonds, whose formation is catalyzed by sortase transpeptidases. Moreover, the sortase reactions appear to be substrate-specific, in that polymerization of the major pilin to form the shaft depends on a pilus-specific sortase, encoded in the same gene cluster as the pilin subunits, whereas attachment of the pilus to the cell wall is mediated by a general (house-keeping) sortase (1, 4, 5) .
Fundamental to understanding Gram-positive pilus assembly are the questions of what structural elements in the pilin subunits determine their role in the pilus, where they are incorporated into the overall assembly and by which sortase. Sortasemediated polymerization takes place in two steps: sortase cleavage of the LPXTG motif and formation of a covalent adduct, followed by resolution of this adduct by the attack of an appropriate nucleophilic amino group (2,4,5). The first step has been shown in numerous studies to depend on the specific sortase motif. Thus for the GAS M1 pilins these sequences are VVPTG for Cpa, EVPTG for Spy0128 and LPSTG for Spy0130, and for the SpaA pili of C. diphtheriae they are LPLTG for SpaA and SpaC, but LAFTG for SpaB (Table S2 ). The similarity of the motifs displayed by the tip and backbone pilins is consistent with their recognition by the same sortase, whereas the basal pilins share a more generic LPXTG-type motif, consistent with attachment by a housekeeping sortase.
The structural determinants that select for a particular nucleophile to resolve the sortase-pilin adduct in the second step are clearly more subtle, however. For polymerization, only one lysine out of many on the pilin surface is selected. Many Gram-positive major pilins share a recognizable YPKN pilin motif that includes the essential lysine (2). Such motifs are not apparent in minor pilins, however, nor in some major pilins. For the basal pilin SpaB, for example, a lysine, Lys-139, that is essential for incorporation into the pilus has been identified but is not part of any recognizable motif (10) and in the GAS major pilins such as Spy0128 no conserved pilin sequence motif is present (6) . For anchoring to the cell wall only the adduct of the pilin with the housekeeping sortase can be resolved by the peptidoglycan amino group (10-12), again implying more extensive structural recognition between these components.
Three-dimensional structural data are mostly limited to the major pilin subunits, Spy0128 from GAS (6), SpaA from C. diphtheriae (8) , and BcpA from B. cereus (15). These analyses have provided structural models for the pilus shaft, identified the intermolecular linkages between the major pilin subunits and the structural context of the lysines involved, and revealed the importance of internal isopeptide bonds for pilus stability (6, 8, 39) . In contrast, the structure of only two ancillary pilins is known, RrgA from S. pneumoniae (41) and GBS52 from S. agalactiae (42) . RrgA is the adhesin at the tip of the pneumococcal pilus (13, 41) . The situation is less clear for GBS52. Although it was initially described as an adhesin (42), it is more likely that GBS104 from the GBS52 pilus islet forms the adhesin at the pilus tip as it shares more than 50% sequence identity with RrgA (41) . GBS52 on the other-hand has characteristics more in keeping with basal pilins, such as a C-terminal proline rich region.
Three-dimensional structural determinants that underly the incorporation of the APs in GAS pili have until now largely remained unknown. There is now ample evidence as to the relative roles of the two GAS APs. AP1/Cpa has been shown to be the adhesin at the tip of the pilus, for both M3 and M1 serotypes of GAS (14, 21) . The Δspy0130 knock-out mutant of GAS M1 serotype shows conclusively the role of AP2/Spy0130 in anchoring the M1 pili to the cell wall (14) , and there is strong evidence also from a ΔfctB knockout in an M49 strain (22) . We have not carried out similar knockout studies on fctB of the 90/306S strain. However, the gene organization for this strain is the same as for strains bearing the FCT-2, FCT-3 or FCT-4 islets (M1, M3, M5, M9, M49 and many others (19)), ie. Cpa/AP1 -lepA/sipAFctA/BP -srtC1/C2 -FctB/AP2. The AP1, BP and AP2 proteins are clearly differentiated by sequence (19) and the AP2 proteins share high sequence identity with each other (FctB from strain 90/306S has 98% sequence identity with M49 FctB). These data indicate that these pili are assembled in an analogous manner. Functionally, the GAS AP2 pilins such as Spy0130, and by homology FctB, can thus be grouped with the pilins shown to act as the pilus cell wall anchor in other Gram-positive bacteria: SpaB from C. diphtheriae (10), GBS150 from S. agalactiae strain 2603V/R (11), PilC from S. agalactiae strain NEM316 (12) and RrgC from S. pneumoniae (13) .
The crystal structure of AP2/FctB, described here, identifies several key structural features that we propose are critical to its role in the pilus assembly.
Firstly, it shows that the N-terminal Ig-like domain of FctB is homologous with the Nterminal domain of the GAS major pilin Spy0128, despite minimal sequence identity (<15%). Importantly, this AP2 protein also presents a lysine residue (Lys-110 in FctB, and by homology Lys-120 in Spy0130) in exactly the same structural context as the essential lysine (Lys-161) of Spy0128. We hypothesized that, just as Lys-161 forms the amide bond to the C-terminus of the next Spy0128 subunit to form the polymeric shaft, so Lys-110 of FctB (or Lys-120 of Spy0130) forms an amide bond to the C-terminus of the Spy0128 subunit at the base of the pilus. This is confirmed by our mass spectral analysis of native GAS M1 pili, showing that Lys-120 is indeed joined to the C-terminal threonine from the sortase recognition motif of Spy0128, and hence to the pilus shaft. Sequence comparisons show that these lysine residues are not part of any recognizable motif analogous to the YPKN motif.
We conclude that the conserved spatial environment of this lysine in the basal pilin AP2 (FctB/Spy0130), and of the essential lysine in the BP (FctA/Spy0128) is likely to be a key structural determinant in its linkage to the proximal subunit of the pilus shaft. The same sortase, Spy0129 (SrtC2), catalyses both the polymerization of the BP Spy0128 and the attachment of AP2 Spy0130 to the last BP subunit of the shaft. Sortase recognition must depend both on the specific Cterminal sequence motif (LPXTG or a variant) and on the structural context of the lysine that resolves the thioester intermediate. The structural homology between the N-terminal domains of the BP and AP2 pilins explains why the same sortase can act on both; in both proteins the lysine side chain projects from an Ω-loop that interrupts β-strand G (Fig. 2) and is supported by contact with a conserved Val/Ile residue (Ile-101 in FctB, Val-154 in Spy0128). This environment enables the linkage of AP2 to the extended BP shaft and so anchors the pili to the cell wall.
A second striking feature of the structure of FctB is the C-terminal PPII-type helix that extends from the N-terminal Ig-like domain. The sequences of the basal pilins Spy0130 from S. pyogenes strain SF370, SpaB from C. diphtheriae, GBS150 from S. agalactiae strain 2603V/R and PilC from S. agalactiae strain NEM316 all possess proline-rich C-terminal domains prior to the LPXTG sortase motif (Tables 3 and S2 ). The presence of a proline-rich C-terminal tail is not unique to pilin proteins and can be found in other cell wall anchored proteins (37), although it is by no means universal. Since only one pilin protein per pilus operon appears to have a proline-rich tail, we further propose that such domains prior to a sortase motif provide a common structural motif involved in cell wall anchoring. This would identify FctB, SpaE and SpaI as the cell wall anchors of their respective pilus structures (Tables  3 and S2) , and further suggests that the minor pilin GBS52 from S. agalactiae probably serves as a cell wall anchored subunit rather than an adhesin at the tip of the pilus. The structure of GBS52 (PDB identifier 2PZ4) (42) indeed shows a shorter but similar PPII-helix at its C-terminus.
What might be the function of this PPII helix and extended tail prior to the sortase motif? Prorich stretches are often pivotal in protein-protein interactions (43) , and PPII helices at the Cterminus of cell wall anchored proteins could play a role in interaction with other proteins such as chaperones or complexes involved in export or assembly. It is also possible that this feature is important in the interaction with the housekeeping sortase that anchors these proteins to the cell wall. Most likely, however, the PPII helix may simply ensure that a cell wall anchored protein actually protrudes from the thick bacterial peptidoglycan. It is notable that whereas the sortase motif of AP2 is well separated from its Ig-like domain, by this Cterminal tail, that of the BP subunits is located only a few residues after the end of their (globular) C-terminal domain.
A mixture of charged groups and prolines, which are the only common feature of PPII helices at the sequence level (44) , may also be suitable for the environment of the peptidoglycan consisting of a mixture of sugar rings with charged side chains and amino acids. In a similar context, N-and Cterminal PPII helices have been described previously as "sticky arms" (45) and we hypothesize that this might be their role in the case of the basal minor pilins. Although there is some regularity in the positioning of prolines in the PPII helix of FctB, superposition on to a collagen PPII helix (Fig. 2B) shows that the exact location of the prolines does not affect the conformation of the helix.
Gene knockout studies on the GAS M1 strain SF370 have shown that a ΔsrtA knockout leads to the same phenotype as a Δspy0130 mutant, i.e. the release of pili into the culture medium (14) . A ΔfctB knockout similarly results in loss of pili from the cell wall (22) . These data indicate that Spy0130 and other AP2 proteins are the basal pilins for GAS pili, and should then be tethered to the cell wall by the housekeeping sortase SrtA (46) . This is expected to require an LPXTG-type sortase motif, such as is seen for other basal pilins such as SpaB (10), GBS150 (11) and PilB (12) ( Table 3 ). In contrast, the deviating sortase motifs of the major pilins and AP1/Cpa tip pilin (Table 3) are recognized and processed by pilin-specific sortases for polymerization into the pilus (3, 21, 47, 48) .
Spy0130 does indeed have an LPXTG-type motif ( Table 3 ). The LPLAG motif present in FctB differs slightly, in the substitution of Ala for Thr, but this T/A substitution is found in almost all sequenced AP2/FctB genes from a variety of GAS serotypes. Given the strong conservation in sequence and in the location of the ap2 gene in the FCT islets of different strains, it is reasonable to conclude that the AP2 proteins act as the basal pilins in all GAS strains, and that LPLAG is a common variant for SrtA recognition in these strains. LPXAG is found as a variant for LPXTG in S. aureus (49, 50) , and the interleukin-8-protease in S. pyogenes similarly has an LPXAG motif in many strains. Moreover, structural analyses of S. aureus SrtA in complex with an LPXTG peptide analog (51) and of S. pyogenes SrtA with modeled peptide (52) both indicate that recognition is primarily dependent on the Leu-Pro dipeptide and that the Thr makes no specific interaction.
Intriguingly, FctB has no intramolecular isopeptide bond such as is found in the major pilins and in GBS52, but this is unlikely to affect the mechanical strength of the GAS pili. In Spy0128 a linear arrangement of isopeptide bonds connects the β-strands in both N-and C-terminal domains (6) , and this arrangement may be crucial for resisting tensile forces exercised on the pilus structure (39, 53, 54) . In FctB, however, the essential lysine that bonds to the pilus shaft resides on the final β-strand of the Ig-like domain, which is followed directly by the proline-rich domain and the LPXTG linkage to the peptidoglycan. Additional stabilization is likely to be given by its partial burial in the cell wall.
Based on these data, we constructed a model of the pilus structure and its anchoring to the cell wall (Fig. 4) . Using MODELLER (36) and the coordinates of FctB, we built a homology model for Spy0130, the serotype M1 AP2 protein. We then docked the N-terminal Ig-like domain of this basal pilin on to the C-terminal domain of the BP Spy0128, based on the pilus-like docking of the Nand C-terminal domains of Spy0128 in crystals of Spy0128 (6) . The four C-terminal residues of Spy0128, which were missing from the crystal structure and would terminate in the intermolecular amide linkage to Lys-120, were not modeled. Given the high sequence identity between the C-terminal domains of Spy0128 and Spy0125/Cpa (6), the latter was also modeled, and docked on to the N-terminal domain of Spy0128. In this working model, Spy0128 monomers are polymerized into the pilus shaft, Spy0125 forms the tip of the pilus (14, 21) , and Spy0130 is at the base with its proline-rich tail likely to be buried in the cell wall and covalently linked to the peptidoglycan.
CONCLUSIONS
The currently-available sequence and structural data make it increasingly clear that these Gram-positive pili are assembled in a modular fashion, using pilin subunits with Ig-like domains of shared evolutionary origin, arranged like beads on a string. For the GAS pili, we can build a plausible model, in which the polymeric shaft is generated by the action of a pilus-specific sortase that links a lysine residue from the N-terminal domain of one major pilin subunit to the Cterminus of the next. The minor pilin at the base mimics the N-terminal domain of the major pilin, allowing it to be joined to C-terminal end of the shaft using the same recognition processes as are involved in the shaft polymerization. This minor pilin also has a proline-rich domain as a 'spacer' between its Ig-like domain and the LPXTG motif that targets it to cell wall attachment. Although no structure is yet available for Cpa, it is known to have a C-terminal domain homologous with the Cterminal domain of Spy0128 (6), and to be attached to the N-terminal domain of the major pilin using the same lysine that is involved in shaft polymerization (14, 21) . We anticipate that similar modular principles will apply to other Grampositive bacterial pili. 
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